We review the Raman shift method as a non-destructive optical tool to investigate the thermal conductivity and demonstrate the possibility to map this quantity with a micrometer resolution by studying thin film and bulk materials for thermoelectric applications. In this method, a focused laser beam both thermally excites a sample and undergoes Raman scattering at the excitation spot. The temperature dependence of the phonon energies measured is used as a local thermometer. We discuss that the temperature measured is an effective one and describe how the thermal conductivity is deduced from single temperature measurements to full temperature maps, with the help of analytical or numerical treatments of heat diffusion. We validate the method and its analysis on 3-and 2-dimensional single crystalline samples before applying it to more complex Si-based materials. A suspended thin mesoporous film of phosphorus-doped laser-sintered Si 78 Ge 22 nanoparticles is investigated to extract the in-plane thermal conductivity from the effective temperatures, measured as a function of the distance to the heat sink. Using an iterative multigrid Gauss-Seidel algorithm the experimental data can be modelled yielding a thermal conductivity of 0.1 W/m K after normalizing by the porosity. As a second application we map the surface of a phosphorus-doped 3-dimensional bulknanocrystalline Si sample which exhibits anisotropic and oxygen-rich precipitates. Thermal conductivities as low as 11 W/m K are found in the regions of the precipitates, significantly lower than the 17 W/m K in the surrounding matrix. The present work serves as a basis to more routinely use the Raman shift method as a versatile tool for thermal conductivity investigations, both for samples with high and low thermal conductivity and in a variety of geometries.
(Dated: 27 August 2014) We review the Raman shift method as a non-destructive optical tool to investigate the thermal conductivity and demonstrate the possibility to map this quantity with a micrometer resolution by studying thin film and bulk materials for thermoelectric applications. In this method, a focused laser beam both thermally excites a sample and undergoes Raman scattering at the excitation spot. The temperature dependence of the phonon energies measured is used as a local thermometer. We discuss that the temperature measured is an effective one and describe how the thermal conductivity is deduced from single temperature measurements to full temperature maps, with the help of analytical or numerical treatments of heat diffusion. We validate the method and its analysis on 3-and 2-dimensional single crystalline samples before applying it to more complex Si-based materials. A suspended thin mesoporous film of phosphorus-doped laser-sintered Si 78 Ge 22 nanoparticles is investigated to extract the in-plane thermal conductivity from the effective temperatures, measured as a function of the distance to the heat sink. Using an iterative multigrid Gauss-Seidel algorithm the experimental data can be modelled yielding a thermal conductivity of 0.1 W/m K after normalizing by the porosity. As a second application we map the surface of a phosphorus-doped 3-dimensional bulknanocrystalline Si sample which exhibits anisotropic and oxygen-rich precipitates. Thermal conductivities as low as 11 W/m K are found in the regions of the precipitates, significantly lower than the 17 W/m K in the surrounding matrix. The present work serves as a basis to more routinely use the Raman shift method as a versatile tool for thermal conductivity investigations, both for samples with high and low thermal conductivity and in a variety of geometries. In many fields of materials research and development, heat management becomes increasingly important. Both, exceptionally high or low thermal conductivities may be required for optimum device functionality. For example, in microelectronics it is required to efficiently cool integrated circuits to avoid diffusion or electromigration, thus making high thermal conductances on a submicrometer scale necessary. [1] [2] [3] [4] Graphene or isotopically purified crystals have been proposed as useful high thermal conductivity materials for such applications. 4, 5 On the other hand, thermoelectric devices or sensors based on micro-calorimetry benefit from materials with a low thermal conductivity, capable of sustaining temperature a) Electronic mail: benedikt.stoib@wsi.tum.de differences. [6] [7] [8] [9] [10] To this end, material inhomogeneities on the micro-and nanometer scale can help to efficiently block heat transport by phonons due to wavelength selective scattering.
11-13
Along with the increasing importance of thermal management, advanced techniques are being developed to experimentally measure thermal conductivities. Standard methods used today include the laser flash method for samples of rather large dimensions and well defined thickness, 14 the 3ω method for flat thin films with a good thermal junction to the underlying substrate, 15 micro-electromechanical measurement platforms, e.g., for individual samples of nanowires, 16 or time or frequency domain thermoreflectance measurements for samples with well defined specular and temperature dependent reflectivity. 17 Hardly any of these techniques are free of challenges, such as limited throughput, unknown heat capacity, rough sample surface, highly diffusive reflec-tion, high electrical conductivity, poorly defined sample thickness or spurious thermal conductance by contacts, substrates or the ambient. 18 Especially in the regime of materials with low thermal conductivity, micro-and nanostructures offer the possibility to reduce thermal transport. 19 Thus, obtaining information on the local thermal conductivity is key to understanding and optimising materials properties, but is also rather demanding. Force microscopy methods are suitable to extract local differences of the thermal conductivities, but the quantification remains difficult.
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Local measurements of the thermal conductivity have also been reported using thermoreflectance methods.
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Another optical method which is capable of measuring the thermal conductivity of materials is the Raman shift method, which is also called Raman thermography, micro Raman method or optothermal Raman measurement technique.
4,30-37 Using a strongly focused laser beam, this technique potentially offers a spatial resolution on the micrometer scale. Although this technique based on Raman spectroscopy was applied already to porous lowthermally conducting materials quite a few years ago, 32 it only became popular after the work of Balandin and co-workers for measuring the thermal conductivity of suspended graphene. 4, 33, [38] [39] [40] [41] [42] [43] It has now been used by many groups and extended to other materials, such as carbon nanotubes, Si, SiGe, Ge or GaAs. 30, 31, 35, [44] [45] [46] [47] The method uses the fact that the energy of Raman active phonon modes usually is dependent on temperature. If this dependence is known, the Raman spectrum obtained contains quantitative information on how strongly the sample was heated by the Raman excitation laser during the measurement, which, for a known excitation power, contains explicit information on the thermal conductance of the structure or device investigated. Together with sufficient knowledge about the sample geometry and the path of heat flow in the sample, it is possible to obtain the thermal conductivity κ, the material specific intensive quantity of interest.
The present work summarizes the theoretical and analytical basis of the Raman shift method and applies it to some complex structures and sample morphologies. In section II we start by discussing in detail how a temperature can be measured by Raman spectroscopy and how it can be simulated numerically. We present the principles of the Raman shift method by means of a one-dimensional model and introduce two-dimensional Raman shift mapping. In section III we obtain κ of a homogeneous bulk material and of a thin suspended membrane. These examples are a preparation for section IV, where we apply the methods presented to structurally more complex systems, such as inhomogeneous bulk-nanocrystalline Si and a thin suspended mesoporous film made from SiGe nanocrystals, before closing with some concluding remarks.
II. THE PRINCIPLE OF THE RAMAN SHIFT METHOD
We start our introduction into the fundamentals of the Raman shift method by a discussion of how a temperature can be determined with Raman spectroscopy. Then, we use an illustrative one-dimensional system to determine the thermal conductivity from such Raman temperature measurements, that serves as a model for our future studies of more complex sample structures.
A. Measurement of an Effective Raman Temperature
In harmonic approximation the energy of atomic vibrations in a solid is determined by the mass of the atoms and by the force constants between the masses. The anharmonicity of the potential leads to a change in the force constants with temperature and usually a crystal softens with increasing temperature. In Raman scattering light interacts with these vibrations. Hence, the energy shift ∆k of Stokes and anti-Stokes scattered light also usually decreases with an increasing temperature of the sample studied. 48 In fact, the Stokes shift follows a distinct material specific dependence on temperature and can thus be used as a non-contact thermometer. The Stokes/anti-Stokes intensity ratio yields similar temperature information, 49 but is, however, often more difficult to measure. 50 As a typical example, the dependence of the Stokes shift ∆k of crystalline Si is shown in figure 1 for the longitudinal optical phonon mode. [51] [52] [53] [54] [55] [56] [57] The choice of the phonon mode to be evaluated for temperature measurements depends mostly on the signal-to-noise ratio, but may also be influenced by the substrates available when investigating, e.g., thin films, since the Raman signal from the substrate should not interfere. Dependencies similar to figure 1 are observed in other solids as well, 54, [58] [59] [60] [61] making the Raman shift method applicable to a large variety of materials systems.
In the great majority of Raman spectroscopy experiments, the temperature distribution T ( r) is not homogeneous in the sample region where the laser light is Raman scattered. This means that the Raman spectrum collected will contain contributions of hotter (e.g., in the beam centre) and colder (edge of the laser beam) regions of the sample, caused by the inhomogeneous excitation via, e.g., a gaussian laser beam, and the thermal conductance of the device studied. Thus, care must be taken when deducing a temperature from a Raman spectrum and the spectrum collected should be interpreted as a weighted average. 47, 50 We will call the temperature deduced from the Stokes shift ∆k measured an effective Raman temperature T Raman , to distinguish it from the local temperature T ( r) of the sample. In a very simple approach we assume that every location r on the sample contributes to T Raman by its local temperature T ( r) weighted by the local excitation power density H( r). We add up all those contributions in the sample volume and normalize it by the total absorbed laser power P to ob- tain
where c(T ( r)) is the (in principle temperature dependent) Raman scattering cross section and g( r) is a function that accounts for the effect that Raman scattering of weakly absorbed light takes place deep in the sample and that such scattered light is less efficiently collected by the objective. In all following calculations and experiments we will assume c(T ) to be constant. We further assume full surface near absorption, so that g( r) = 1. Then, equation (1) simplifies to
where dS is a surface element on the sample. This approach to determine T Raman does also neither include the line-shape of the Raman signal nor its temperature dependence, 47 but nevertheless improves the understanding of the Raman shift method in comparison to most analyses in literature and corrects the effects of different temperatures beneath the laser beam to first order. Figure 2 shows an illustrative example of a hypothetical 2-dimensional square sample with κ = 400 W/m K, which is heated by a gaussian laser beam at (x|y)=(5 µm|15 µm), having a standard deviation of w = 2 µm. Panel (a) shows a simulation of the temperature distribution T ( r) which is established in equilibrium on the square sample when exciting with the heating power density H( r) shown in panel (b). Panel (c) and (d) are sections along the dashed lines in panel (a) and (b), respectively. In the case shown, the Raman temperature according to equation (2) at (x|y) = (5 µm|15 µm) is T Raman = 313 K, which is significantly lower than the maximum temperature of 318 K. The temperature distribution in figure 2(a) obeys the stationary heat diffusion equation
It can be used because typically the minimum acquisition time of a Raman spectrum is of the time scale of a second, so that for small scale samples the measurement conditions are close to equilibrium. In equation (3), a locally varying thermal conductivity κ( r), e.g., due to a temperature dependent thermal conductivity, is considered. For most sample geometries the temperature distribution for a given excitation cannot be calculated analytically. Whenever this is not possible, we use a numerical approach, where the field of interest is discretized in a rectangular grid and the discretized stationary heat diffusion equation is solved on every grid point. As an example we discuss a two-dimensional quadratic grid of dimension a, divided into n grid points in each direction, so that one pixel has a width of h = a n . The spatial co-ordinates x and y can be expressed by two indices i and j
Derivatives in equation (3) are expressed in terms of discrete differences, e.g.
The boundary conditions of a constant temperature T sink outside of the simulation area and the continuity of heat flow, so that the heat introduced by H( r) and the heat flowing into the heat sink are the same, are included. A thermal resistance R th to the heat sink can also be considered. The problem to be solved can then be written as
which is a linear set of equations with the matrix A containing all thermal conductivities and contact resistances. Instead of directly solving equation (6), computation speed is enhanced by implementing a solver, based on an iterative Gauss-Seidel algorithm, where the computation effort only scales almost proportionally to the number of grid points. 63 In this algorithm the differential equation is not solved for all grid points simultaneously, but for each grid point in successive cycles, so that the discretized heat equation on each point is solved for T i,j with the values of neighboring points inserted from the previous cycle. This is repeated until a desired accuracy is achieved. Since spatially slowly varying temperature distributions converge only weakly, we use a multigrid algorithm on several grid sizes, first approximating the global temperature distribution on a coarse grid, and then refining this grid by factors of 2 and interpolating the temperature distribution stepwise. 63 Between all steps, Gauss-Seidel iterations are performed. The use of different grid sizes drastically speeds up the convergence of the method.
B. Determination of the Thermal Conductivity
By using the example of an effective 1-dimensional bar which is attached to a heat sink at one end, we will now discuss how the thermal conductivity of a material under test can be obtained based in the measurement of T Raman introduced above. Figure 3 schematically shows the focused Raman laser hitting the bar at its end and acting as the heat source. The heat generated at the right end will propagate through the bar to the heat sink on the left. For simplicity, let us assume that κ in the bar is neither dependent on temperature nor position. Then, outside the laser beam where H(x) = 0, equation (3) can be written as
Raman spectrometer For vanishing contact resistance to the heat sink, the temperature distribution drawn as the black solid line is established in equilibrium. The grey dashed line considers a finite contact resistance to the heat sink and a lower thermal conductivity, so that the same Raman temperature would be measured at the end of the bar.
Thus, the temperature decreases linearly from the excitation spot to the heat sink, as shown by the solid line in figure 3 .
To quantitatively obtain the thermal conductivity from equation (7) and from the experimental value of T Raman , appropriate boundary conditions have to be set. As already pointed out, the continuity equation requires that the total heat generated at the bar's right end has to propagate to the heat sink. Neglecting the extension of the laser beam and a thermal contact resistance between the bar and the heat sink, the temperature of the bar at its left end is equal to the temperature of the heat sink T sink , so that
where P is the absorbed power, A is the cross section and l the length of the bar. This directly leads to
In the example discussed so far κ can be determined by only a single temperature measurement at the right end of the bar. If a thermal contact resistance has to be considered, at least a second temperature measurement needs to be performed at a different spot along the bar and equation (9) has to be suitably changed. A possible temperature distribution along the bar for the case of a finite contact resistance is shown as a grey dashed line in figure 3 . Eventually, performing many measurements along the bar, together with modelling the heat transport for the given sample geometry, significantly improves the accuracy of the method.
In general, such spatially resolved temperature measurements can be performed in two dimensions scanning the whole sample surface, leading to what we will call a Raman temperature map. Figure 4 illustrates the generation of such a map by simulation. For each laser position on the sample surface the local temperature distribution T ( r) has to be calculated and weighted with H( r) to obtain T Raman at this spot. Experimentally, at each position a Raman spectrum is collected, and, using a relation such as the one shown in figure 1 , the corresponding effective temperature is deduced. By mapping the sample, enough information is collected to model both the thermal conductivity and a thermal contact resistance to the heat sink. Because the excitation as well as the temperature measurement are performed with a single laser beam, it is important to note, that such a Raman temperature map is not a temperature distribution, which via Raman scattering could be obtained only by using two lasers. 64 There, the temperature distribution excited by a strong laser would be probed using a rather weak second laser, keeping the additional heating by the second laser to a minimum.
III. MODEL SYSTEMS
Before applying the Raman shift method to two material systems relevant for thermoelectrics, we first validate the method using bulk and thin film samples of singlecrystalline Si and Ge.
A. Heat Conduction Into a Semi-Infinite Half Space
The first model system is a homogeneous and semiinfinite bulk material, filling the half-space z > 0. We want to analyse this system analytically and use cylindrical coordinates r, φ and z to describe it. The Raman laser beam exhibits a radially gaussian shaped excitation power density
with absorbed power P and standard deviation w. Here, r is the radius from the center of the beam and z points into the material. The steps presented to deduce the effective Raman temperature in this case are developed following Carslaw and Jaeger. 62 We assume that the heat supplied by the Raman laser beam is only introduced in the plane z = 0, which corresponds to a model where the excitation power is strongly absorbed at the surface. Within the material the temperature T ( r) must obey the stationary heat equation in cylindrical coordinates without heat sources
which is satisfied by
for any λ with J 0 (λr) being the Bessel function of first kind and zeroth order. Circular heat flow in direction of the azimuthal angle φ can be neglected due to the symmetry of the problem. Equation 11 is also satisfied by
where f (λ) is chosen to fulfil the boundary conditions. In our problem the Neumann boundary condition is given by the energy flow from the surface into the volume, introduced by the laser power density H(r, z = 0),
Inserting equation (13) into equation (14) leads to the condition
is needed. 65 Therefore, we can insert the function
into equation (13), resulting in
The effective Raman temperature T Raman can then be obtained from equation (2) and (16) as
For a homogeneous semi-infinite sample, excited by a gaussian shaped laser beam with strong absorption, the spatially constant thermal conductivity κ is then given by
To test the validity of equation (20) we investigate single-crystalline Si and Ge wafers. All Raman experiments in this work are performed using a Dilor spectrometer equipped with a 1800 l/mm grating and a liquid nitrogen cooled CCD detector. To map samples, an x-y stage is used. An Ar ion laser operating at a wavelength of 514.5 nm excites Raman scattering. Various objectives are used for the micro Raman experiments, and their nearly gaussian spots were characterized by scanning the laser beam across the sharp edge of an evaporated Au film on top of a Si wafer, recording the decreasing Raman intensity of the Si LO mode. The spot width was obtained by deconvolution. For the experiment on the wafers we use a 10× objective with a spot standard deviation of w = 0.73 µm. To enhance the accuracy we not only measure a single Raman spectrum for one excitation power, but perform series of measurements with different excitation powers. Then, (20) 
Due to the high thermal conductivity of the singlecrystalline wafers, only a small temperature increase of less than 60 K is observed during the experiment. Thus, we linearize the relation in figure 1 near room temperature and obtain These results show that by using the Raman shift method applying equation (21) one can measure the thermal conductivity of a homogeneous and 3-dimensional material with an accuracy of at least 10%. The assumption of surface-near absorption of the excitation light, made during the deduction of equation (20), is fulfilled better for Ge, where the absorption coefficient for light at 514.5 nm is around α Ge = 63 × 10 4 cm −1 , 68 compared to Si with literature values around α Si = 2 × 10 4 cm −1 .
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For a penetration depth in the range of or larger than the excitation laser beam, the effective area through which the heat is introduced into the material is enhanced, so that the thermal conductivity is over-estimated when equation (20) is applied. This may explain the tendency for our experiments on Si versus Ge wafers.
B. In-Plane Conduction of Heat
In the previous example the sample investigated was uniform so that Raman spectra taken at different positions on the bulk sample yield identical Raman temperatures. In this section we discuss an example where T Raman depends on the position where it is measured due to the fact that although the thermal conductivity κ can be expected to be homogeneous, the conductance is not. The sample is a 1.9 µm thin and 10 × 10 mm 2 wide membrane of single-crystalline Si, which is carried by a 0.5 mm thick Si support at the border. An optical micrograph of the sample in transmission is shown in the inset in figure 5 . The membrane is freely suspended on an area of 4.8 × 4.8 mm 2 . Using a 10× objective resulting in a spot with a standard deviation of 2.4 µm and a laser power of 60 mW, the solid symbols in figure 5 show an experimental Raman temperature scan across the sample, which was measured in vacuum. As soon as the excitation spot is on the freely suspended part of the membrane T Raman increases. The heat absorbed in the membrane has to flow in-plane, which increases T Raman when the excitation spot is moved away from the underlying support acting as the heat sink. In the center region of the membrane T Raman is rather independent of the exact position. The variation of the experimental data in figure 5 corresponds to an uncertainty of the determination of the thermal conductivity of the order of 10%.
In contrast to the 3-dimensional heat flow problem TRaman is increased on the suspended part and only weekly depends on the exact position in the center region. The dashed line is the result of a simulation with κ300 K = 122 W/m K, decreasing with temperature according to a power law with an exponent of −1.15 71 . In the inset the bright region of the transmission optical microscopy image is the freely suspended part of the membrane, whereas in the dark region the membrane is supported by a 0.5 mm thick Si substrate.
in section III A, here only 2-dimensional transport in the plane of the thin membrane is taken into account. Although the absorption follows an exponential dependence, the fact that the thickness of the film is of the order of α
−1
Si allows to assume a homogeneous heating independent of the depth in the membrane, so that in our simulation no heat transport perpendicular to the membrane has to be considered. The high ratio of beam diameter and lateral size of the suspended membrane necessitates a large number of grid points in the simulation to correctly cover the temperature distribution at the excitation spot. Assuming a reflectivity of 38%, [68] [69] [70] neglecting the temperature dependence of κ would yield κ = 88 W/m K (not shown). However, in the temperature range relevant for this measurement and in the regime of thin films with a thickness of the order of micrometer, the thermal conductivity should be modelled by a power law dependence on temperature. 71 The dashed line in figure 5 is the result of our simulation of the Raman temperature across the suspended membrane with a room temperature thermal conductivity of κ 300 K = 122 W/m K and an exponent of approximately −1.15.
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In thin films, phonon confinement effects decrease the thermal in-plane conductivity. [72] [73] [74] [75] [76] For films of the thickness investigated in our work, confinement is expected to reduce the conductivity at room temperature by a few percent. 46, 71, [77] [78] [79] [80] This is in good agreement with the value of κ obtained by our combination of Raman spectroscopy and simulation. In comparison to the bulk value obtained in the previous section this suggests that the Raman shift technique is applicable to thin films similarly well.
IV. APPLICATION OF THE RAMAN SHIFT METHOD
In this section we will present applications of the Raman shift method to two Si-based samples, a bulk-like 3-dimensional material of dense nanocrystalline Si with considerable oxygen content and of a porous thin film of Si 78 Ge 22 .
10,45,81-85 Both material systems are fabricated from the same type of raw material, which is a powder of gas phase synthesized nanocrystals of Si and SiGe, respectively. Among other possible applications, these materials are of considerable interest within the framework of thermoelectrics.
10,81,84
First, we show how to obtain κ for a thin film which is suspended over a trench. Here, we assume a spatially constant thermal conductivity and set appropriate boundary conditions at the trench edges in the simulation. In such a case, the Raman temperature depends on the distance of the excitation spot to the heat sink as already seen in section III B. Then, we investigate a bulk-nanocrystalline Si sample with a morphology suggesting a spatially varying κ and analyse this with the model of a semi-infinite homogeneous material treated in section III A. We take equation (20) as a basis for the evaluation and attribute different Raman temperatures to different local values of κ.
A. Thin Laser-Sintered Nanoparticle Films
The thin film sample is a thin mesoporous film of Si 78 Ge 22 . It is fabricated by spin-coating a dispersion of 23 nm diameter SiGe alloy nanoparticles to obtain films of 300 nm thickness. The particles are heavily doped with 2% P during their microwave plasma gas synthesis. 83, 84, 86 This high doping level is typical for Si-based thermoelectric materials to optimise the power factor. 7, 10, 87, 88 After removal of the native oxide by hydrofluoric acid, the film is sintered in vacuum by a 10 ns pulsed Nd:YAG laser operating at 532 nm with a fluence of 100 mJ/cm 2 . The resulting mesoporous morphology is shown in a scanning electron microscopy (SEM) image in figure 6(a) . Further information on the fabrication and (thermo-)electric properties of such films can be found in references 81 and 82.
In-plane measurements of κ of as-fabricated thin films are hampered by the significant contribution of the substrate to the thermal conductance. Therefore, the film is transferred onto a support structure. This is a singlecrystalline Ge wafer, into which trenches have been etched by reactive ion etching. Germanium was chosen as a heat sink material because its Raman spectrum does not overlap with the Si-Si phonon mode to be investigated. After the transfer, a focused laser beam was scanned along the border of the trench with a high fluence. This compacted the film and ensured a firmer attachment to the heat sink. Figure 6 (b) shows a detail of an SEM side view of such a suspended laser-sintered nanoparticle film.
In the Raman shift experiment of this sample we use an absorbed power of P absorbed = 12 µW for excitation and a 20× objective with a spot standard deviation of 0.64 µm. Due to the high surface area of the porous film the measurements are carried out in a vacuum chamber of a pressure of p = 10 −1 mbar, which was found to be necessary to rule out spurious thermal conductance by contact to the surrounding ambient gas atmosphere. Because of the high Si content in the alloy the phonon mode that was used to extract T Raman was the Si-Si vibration. Its temperature dependence in such SiGe alloys is very similar to that in pure Si and can be linearized in the region from room temperature to 700 K by ∂∆k ∂T = −0.0229 cm −1 /K.
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A Raman temperature map of the film with the suspended part in the center and the trench in y direction is shown in figure 6(c) . In the suspended part of the film, the Raman temperature is as high as 700 K, whereas the part of the film which is in direct contact with the supporting Ge wafer can efficiently conduct the heat introduced to the underlying heat sink, so that the Raman temperature stays close to room temperature. In figure 6(d) , the same data are shown in a more quantitative way. For different scans across the trench, the central Raman temperature varies by approximately 10%, which gives the same estimate for the accuracy of determining κ by the Raman shift method as discussed in section III. We also plot the mean value of all scans as filled squares, which is quite symmetric with respect to the center axis of the trench.
In contrast to the measurement shown in figure 5 , where the suspended part was 4.8 mm wide in x and y direction, the suspended part of the laser-sintered thin film has a width of only 19.5 µm (trench width) and a length of more than 100 µm. Thus, the simulation grid used had an aspect ratio of 3:1, which was found to be of sufficient accuracy, neglecting the small fraction of heat transport in y direction.
The complete simulated profile of Raman temperatures across the trench assuming a temperature independent value of κ is shown as solid line in figure 6(d) and describes well the mean value of the experimental data within their experimental variation. In our simulation the porous film is treated as an effective medium and the solid line corresponds to an effective in-plane thermal conductivity of κ eff = 0.05 W/m K and a negligible contact resistance. In small grained and doped SiGe alloy thin films, it is justified to neglect the temperature dependence of the thermal conductivity, 83, 89, 90 so that despite the large temperature differences in our experiment we obtain useful values for κ eff . Normalizing κ eff by a factor (1 − porosity) with a typical porosity of 50% for these laser-sintered thin films, we obtain the in-plane thermal conductivity usually given in literature. 12, 91 In the present case, this yields κ normalized = 0.1 W/m K. Estimating all uncertainties entering the simulation we obtain a maximum thermal conductivity of κ It is generally believed that the mean free path of phonons is drastically reduced in materials with a hierarchy of scattering centers. The present sample exhibits such a disorder of different length scales, starting at the atomic scale due to alloy scattering in the SiGe alloy. Also some nanocrystals with a diameter of the order of 25 nm survived the sintering process and are incorporated in the matrix. Typical for this type of lasersintered material, grain boundaries between the grains of typically 150 nm constitute larger scattering centers. For long wavelength phonons the mesoporous structure with typical structure sizes of 300 nm is the relevant scatterer. In the laser-sintered mesoporous thin films a reduction of κ by a factor of approximately 10-20 is observed, compared to nanograined but dense SiGe materials. 83, 92 Our value for κ in mesoporous n-type doped SiGe is approximately a factor of 20 lower. Most likely percolation effects, which were intensively studied in pure Si materials and also affect electrical transport, are responsible for this additional reduction.
12,91
B. Bulk-Nanocrystalline Silicon
In this second application of the Raman shift method to Si-based materials, we investigate the local variation of κ for bulk-nanocrystalline Si. The sample studied is synthesized from a powder of microwave plasma grown Si nanoparticles, which are doped with 1% P in the gas phase and have a diameter of 22 − 25 nm. The Si nanocrystal powder used for this sample was exposed on purpose to ambient oxygen for three weeks to obtain a significant oxygen content known to impact the microstructure. The powder was then pre-compacted and solidified by current-activated pressure-assisted densification, resulting in a slight increase in crystallite size to approximately 50 nm. 83, 84, 93 The direction of current in this sintering method leads to an anisotropy of the resulting material.
94 During densification, oxygen relocates within the nanoparticle network and forms mainly two types of oxygen-rich precipitates, small and rather spherical precipitates of approximately 100 nm in size and larger agglomerates of such small precipitates forming larger structures of SiO x . 93, 94 The latter are shaped like a disc, with their axis pointing in the direction of the sinter current, and have diameters of several tens of microns and a thickness of approximately 5 µm. The enriched oxygen content in the larger precipitates is accompanied by an enhanced porosity in this region. 93 Both, the different elemental composition and the different microstructure of the precipitates compared to the surrounding matrix, suggest a non-uniform thermal conductivity of the material. After densification, the sample investigated here was cut and polished by ion milling, so that the surface was flat on a tens of nanometer scale. Figure 7 illustrates the orientation of the precipitates within the sample investigated. The Raman experiments were carried out on the polished top surface. Additional laser flash measurements of κ were conducted from the orthogonal direction, due to geometrical restrictions of the sample. The direction of the sinter current was parallel to the direction of laser flash measurements.
The investigation of local variations of the thermal conductivity of this sample is based on the following procedure: Applying the Raman shift method, we first extract a Raman temperature map. Using an incident laser power of 600 mW the sample is partly heated up to 800
• C, so that we use ∂∆k ∂T = −0.0255 cm −1 /K as a linear interpolation in figure 1 . The high signal-to-noise ratio in the Raman experiments allows to include the contribution of free charge carriers, introduced by the high amount of P and the strong illumination, in the evaluation of the Raman spectrum. Therefore, in contrast to the other experiments of this work, the Raman temperature is not determined experimentally from the maximum of the Raman line, but rather from a fit of a Fano lineshape to the spectra. 95, 96 Although the material is not homogeneous, we assume it to be homogeneous in the near field of the excitation laser beam. In these study we use a 100× objective resulting in a gaussian beam of 0.29 µm standard deviation, which is much smaller than average distances of the oxygen-rich precipitates. We again assume a reflectivity of 38%.
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By using equation (20) we then calculate a map of local thermal conductivities. Figure 8 shows such a map of the thermal conductivity, using a different colour scale than in the maps of T Raman discussed earlier, and the corresponding microstructure of the bulk-nanocrystalline Si sample as observed by SEM. In panel (a) an overview map of κ is shown. The map exhibits anisotropic structures which are elongated in y direction and have a lower thermal conductivity compared to the surrounding Si matrix. The dashed rectangle in (a) is shown in panel (b) with a higher resolution compared to panel (a). Structures on the length scale of a micrometer can be discerned, which demonstrates that the measurement is capable to detect local variations in κ close to the resolution limit given by the spot size. As a guide to the eye, the green dot in the This is an order of magnitude lower compared to the values reported for undoped singlecrystalline Si. 66, 67 The extremely high content of P and the small grained nanostructure on a scale of 50 nm resulting from sintering the small nanoparticles can be made responsible for this reduced thermal conductivity. 10, 83, 84, 97 The thermal conductivity of the very sample investigated here has also been characterized as a function of temperature using the laser flash method. At room temperature the laser flash method yields a thermal conductivity of κ = 9.5 W/m K, which decreases to κ = 6.5 W/m K at 1240 K. Thus, the temperature dependence is not pronounced, justifying the neglect of a temperature dependence of κ when deducing equation (20) also for this type of sample. However, the values obtained for κ obtained by the laser flash method are roughly a factor of 2 lower, compared to the results obtained by the Raman shift method. The most likely reason for this difference is the measurement geometry. As sketched in figure 7 , for the laser flash measurements the heat flow was perpendicular to the disc shaped precipitates, making them a maximum barrier for heat transport. In the Raman shift method, the heat is spread radially into the material, with heat transport suffering only little from the alignment of the precipitates. Further reasons for the slightly different result are spurious thermal conduction by air during the measurements and the finite absorption coefficient of Si at the wavelength used, which leads to a slight over-estimation of κ using equation (20) (d) . In contrast to the surrounding area, the surface of this feature is less flat and shows a porous interior. The same conclusion can be drawn from panel (e), which shows the second rectangular area marked with dashed lines in panel (b). A similar porosity as in the small feature can be found here. Energy dispersive X-ray scans across the structure in panel (e) confirm that the oxygen content in the porous region is enhanced by at least a factor of 4.
94 Correlating the SEM image in panel (e) to the thermal conductivity map in panel (b) suggests that the porous regions clearly visible in SEM exhibit a lower thermal conductivity compared to the surrounding area. At least in principle, this apparently lower thermal conductivity could arise from the local increase of the absorbed laser power, which in turn could be caused by the roughness of the surface visible in the SEM micrographs. 98 However, since strong variations in κ are also found for flat parts of the bulk-nanocrystalline sample studied, it can be concluded that the contrast in the maps of thermal conductivity originates to a significant part from the locally varying thermal conductivity.
V. SUMMARY AND CONCLUSION
We showed that by performing a micro Raman scattering experiment where the laser simultaneously acts as a thermal excitation source and as a thermometer, using the temperature dependence of the energy of Raman active phonon modes, one can determine the thermal conductance of a specimen. Knowing or simulating the geometry of heat propagation from the excitation spot to the heat sink is key to obtaining reliable data on the thermal conductivity. We discussed that it is necessary to take the non-homogeneous temperature distribution beneath the excitation spot into account to correctly interpret the effective temperature deduced from the Raman spectrum. Applying this Raman shift method to both 3-dimensional heat flow into a semi-infinite homogeneous material and to 2-dimensional heat transport in a suspended thin film we experimentally validated the technique and its analysis. Finally, we used the Raman shift method to determine the thermal in-plane conductivity for laser-sintered thin films of Si 78 Ge 22 nanoparticles. Assuming a spatially constant κ and attributing an increased temperature solely to the locally varying distance to the heat sink, we demonstrated that the Raman shift method can measure porosity-normalized values of the thermal conductivity as low as 0.1 W/m K. As a second application, we investigated local variations of the thermal conductivity of a 3-dimensional bulk-nanocrystalline Si sample exhibiting microscopic SiO x precipitates in SEM investigations. Here, the Raman shift method is able to measure local variations of the thermal conductivity by more than 40% between oxygen-rich porous regions and dense regions with reduced oxygen content with a spatial resolution of the spot size of the exciting laser beam.
Obtaining reliable quantitative information on the local thermal conductivity requires sound knowledge on three major parameters, which are the intensity profile of the exciting laser beam, the geometry of thermal transport and the absorbed optical heating power. The latter turns out to be the most critical parameter for samples with complex microstructure and can be challenging to determine. Rough surfaces or porous materials, often accompanied by a spatial variation of the elemental composition, can require to base the evaluation of the results of the Raman shift method on assumptions on absorption coefficients and reflectivities, since the direct measurement of reflected and transmitted excitation power is difficult in many sample geometries. The vector field of heat propagation can only be calculated in very rare cases analytically. Therefore, numerical simulations need to be performed to solve the heat diffusion equation which involves considerable computation effort, especially when the problem cannot be reduced to two dimensions. Finally, although the intensity profile of the laser beam used can easily be accessed experimentally, the implications of a spatially inhomogeneous excitation combined with a non-homogeneous temperature distribution on the resulting Raman spectrum measured can be manifold. This includes Raman scattering cross sections, line shapes, absorption profiles or collection efficiencies. However, a set of reasonable assumptions can make the Raman shift method a straight forward method. This study demonstrated that the variety of materials systems and sample geometries that can be investigated by the Raman shift method without mechanical contact makes the method a versatile and powerful tool to obtain thermal information of small scale and complex materials systems. With that, the method complements well more traditional and established tools and enables insight into thermal transport on a micrometer scale.
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